ALTHOUGH there are profound morphological differences between the different types of keratin fibres, Astbury and Woods (1933) showed that there was a unity in their macromolecular structure. Wool has been studied in much greater detail than any other keratin fibre and in this paper this fibre only will be considered, although there can be little doubt that the conclusions can be extended to keratin fibres in general. The insolubility of keratin makes a detailed study of its macromolecular structure almost impossible, and it has been realized for a considerable time that this results from the presence of disulphide crosslinks. Although many attempts have been made to solubilize keratin none of these is suitable for studying its macromolecular structure, since either breakdown of the main peptide chain takes place or only a small part of the material is rendered soluble.
Inorganic and Physical Chemistry, Imperial College, London ALTHOUGH there are profound morphological differences between the different types of keratin fibres, Astbury and Woods (1933) showed that there was a unity in their macromolecular structure. Wool has been studied in much greater detail than any other keratin fibre and in this paper this fibre only will be considered, although there can be little doubt that the conclusions can be extended to keratin fibres in general. The insolubility of keratin makes a detailed study of its macromolecular structure almost impossible, and it has been realized for a considerable time that this results from the presence of disulphide crosslinks. Although many attempts have been made to solubilize keratin none of these is suitable for studying its macromolecular structure, since either breakdown of the main peptide chain takes place or only a small part of the material is rendered soluble. Toennies and Homiller (1942) showed that performic acid, though a very powerful oxidizing agent, did not oxidize the NH2 group in amino acids and only oxidized the side chains of tryptophane, methionine and cystine-the latter to cysteic acid. Sanger (1950) made use of this reagent to split the disulphide bond in insulin and in this way resolved this protein into a number of polypeptides. It is desirable to treat keratin in aqueous solution so as to ensure that all parts of the fibre are accessible, and performic acid cannot be used in this way since it decomposes into carbon dioxide and water under these conditions. Separation of wool into three fractions.-We found that peracetic acid is stable for many days even in very dilute aqueous solution and that the rate of establishment of the equilibrium CH3COOOH + H20 = CH3COOH + H20, though rapid when forming peracetic acid, is very slow in the reverse direction. Peracetic acid was shown to be as specific as performic acid in its reaction with amino acids (Alexander, Hudson and Fox, 1950) . Recent experiments with a large range of di, tri, and penta peptides, including those containing cystine and tryptophane, which were relatively easily prepared by a new synthesis (Bailey, 1950) , showed that peracetic acid did not break peptide bonds even when it oxidized the side chain of one of the amino acids. We find that peracetic acid readily oxidized all the disulphide bonds in wool and that no sulphur was lost in this reaction. This reagent is therefore suitable for solubilizing wool, since it seems almost certain that the products thus obtained have not undergone any main chain degradation. Until more than 80 % of the disulphkie bonds have been broken with peracetic acid only about 8% of the oxidized wool is soluble in dilute ammonia, but when all these have been severed between 90 to 92 % of the wool goes readily into solution (Alexander, Fox and Hudson, 1951) .
The insoluble residue of between 8 to 10 % consists of a membrane (Alexander and Earland, 1950a) which in spite of the complete absence of disulphide bonds is insoluble in cupriethylene diamine, strong solution of lithium bromide and only dissolves slowly with degradation in N sodium hydroxide and concentrated hydrochloric acid. This insoluble membrane was shown to be the subcuticle which was predicted by Reumuth and shown by Zahn and Haselmann (1950) to form the outer layer of the cortex below the scales. This insoluble residue gives an X-ray photograph typical of unoriented P keratin (Alexander, Earland and Happey, 1950) and infra-red studies carried out by Dr. A. Elliott confirm that it is not an a protein. The subcuticle membrane probably exists in the unoriented P phase in the fibre since the oxidation by peracetic acid does not change the X-ray photograph of the whole fibre (Alexander, 1951) .
From the ammoniacal solution of the peracetic acid treated wool 60% of the dissolved protein can be precipitated by the addition of mineral acid to give a pH< 3 or by concentrated electrolyte. This material can readily be redissolved in dilute ammonia or, if the acid groups have been neutralized, in water, and will be referred to as a keratose. It gives an X-ray diagram typical of a keratin and can be spun into a fibre which gives an X-ray diffraction pattern almost indistinguishable from native wool.
A physical chemical investigation by Drs. B. E. Conway and L. Gilbert which will be reported in detail elsewhere shows that the a keratose gives an electrophoretic pattern consisting mainly of one peak together with some ill-defined band. The material giving rise to the latter can readily be removed by fractional precipitation and a substance is left which is electrophoretically homogeneous. This major component of a keratose was shown to have a molecular weight of 70,000 and to consist of particles which are completely spherical. The low molecular material which is not precipitated on acidification (approx. 35% of the fibre as a whole) is polydisperse and has an average molecular weight of 4,500. It is in the , configuration and will be referred to as y keratose. The amino-acid composition of the three components of the wool fibre are significantly different. The most important variation is in the sulphur content of the a and y fractions which contain respectively 1-6% and 6% of sulphur. Elod and Zahn (1949) found that wool fibres in which the disulphide bonds had been reduced with thioglycollic acid super-contracted under very mild conditions, and that such fibres could be brought into the disoriented P configuration (d keratin) by treatments which do not change native wool. We found (Alexander, 1951 ) that oxidation of the disuiphide bond led to the same instability. After a treatment in which all the cystine had been oxidized fires gave the same X-ray picture as untreated wool, confirming the deduction of Astbury Ahd Woods (1933) that the disulphide bond does not enter into the crystalline spacings of 1.vopl. The oxidized fibre, however, contracts on being placed for a few minutes into water di JOS' C. or into formic acid, followed by washing with water, and then gives an X-ray picture of disoriented P keratin. Neither of these treatments of course affects in any way the structure of native (i.e. disulphide crosslinked) wool.
The soluble a keratose when precipitated as a powder undergoes the same crystalline cWanges as the oxidized fibres, and the a fold is changed into the P fold by dry heat at 1100 C.
(the a fold in native wool is stable up to 1700 C.) and by water at 950 C. in five minutes. a keratose, which is soluble in hydrogen bond-breaking solvents, dissolves readily in anhydrous formic acid from which it is precipitated in the a fold on adding water, but if the acid is distilled off under vacuum (400 C.) the keratose left is in the p configuration. Reactions which degrade the molecule by the breaking of peptide bonds bring about conversion into the p configuration. It can therefore be concluded that a soluble globular protein-like molecule can exist in the a fold but in the absence of stabilizing crosslinks is converted into the p form by treatments known to produce denaturation. The keratose when converted into the P form by a process which does not degrade the protein exhibits much greater intermolecular attraction than in the a configuration. Because of this the p form dissolves much less readily, and frequently a sample will not have dissolved completely even after several days in ammonia, unlike the a keratose which only requires a few hours under the same conditions; also the P form swells much less in water and phenol. When the a keratose is converted into the P configuration the molecules are no longer spherical but exhibit a very pronounced asymmetry, and must be considered as rods. Probably the molecule in the P configuration is held in fixed folds by hydrogen bonds and cannot coil up at random as in the a fold.
All these findings can readily be interpreted in terms of the molecular structures originally proposed by and now also assigned by Ambrose and Hanby (1949) on the basis of infra-red spectra to the a fold. In this fold all the possible hydrogen bonds of the peptide link are taken up in maintaining the a fold, but become available for interchain crosslinks in the P fold. Strong additional support for this model is provided by the observation (Bamford, Hanby and Happey, 1951 ) that certain synthetic polypeptides exist in the a form when they are soluble in benzene, but can be converted into the p form by treatment with formic acid when they become insoluble. The interchain hydrogen bonding seems in general to confer insolubility in non-hydrogen bond breaking solvents on p proteins and the limited solubility of the keratose when in the p form is probably due to the sulphonic acid groups introduced by the oxidation.
The role of hydrogen bonds in the structure.-Although many workers and notably .Astbury (1940) had appreciated the importance of hydrogen bonds in the structure of wool, Elod and Zahn (1947) were the first to show in a series of notable papers that by breaking secondary valency bonds only with formamide and phenols wool fibres contracted, underwent changes. in their crystalline structure and were rendered almost wholly digestible by enzymes. They concluded that the forces holding the molecules together were due to hydrogen bonding and that the disulphide bond had a subordinated part in the crystalline areas and exercised its influence largely in the intermicellar phase. The reagents used by Elod and Zahn are powerfully adsorbed by wool and bring about great lateral swelling at room temperatures, but supercontraction only occurs at elevated temperatures and is irreversible.
Phenol is not a potent hydrogen bond breaker (e.g. it does not dissolve silk). Its effect on the fibre is complicated and the role of hydrogen bonds in the macromolecular structure of wool can more readily be studied (Alexander, 1951) with strong solutions of lithiunb! salts which act on the fibre in the cold in a completely reversible manner, and which dissolve,ilk without degradation. When a dry wool fibre is immersed in a solution of 75 grammsj of lithium bromide in 100 grammes of water it swells slowly (if a wet fibre is used the first 'a'd rapid action of the lithium bromide is to desiccate it by an osmotic effect), becomes, prpgressively weaker, and after about twenty hours at 200 C. contracts by approximately'1U' When removed from the salt solution and placed into water it fully regains its original length and strength. The time necessary for contraction is considerably less at higher te6tperatures. The gradual swelling and supercontraction of wool occurs only in concentrated solutions of lithium salts (i.e. more than 50 grammes LiBr in 100 ml. solution) and solutions of equivalent strength of, for example, potassium or magnesium chloride have no effect.
ft is suggested that the breaking of hydrogen bonds in these solutions is due to the high polarizing power of the incompletely hydrated lithium ion which associates with polar groups in the wool and prevents them from forming hydrogen bonds. Speakman (1947) found that fibres no longer supercontract in bisulphite when their disulphide bonds had been replaced by more stable crosslinks. Such modifications, however, do not influence the contraction of fibres in lithium bromide solution. It is found that concentrated solutions of lithium bromide are capable of reversing the so-called permanent set obtained by holding a fibre stretched in steam, but they are not capable of reversing the set obtained by reducing disulphide bonds and rebuilding them in the stressed fibre. The action of the lithium bromide on the fibre always brings with it disorientation of the crystalline areas and the a X-ray photograph is changed into a disoriented P pattern.
When more than 90% of the disulphide bonds have been broken.with peracetic acid the fibre supercontracts without any change in X-ray picture taking place, and this contraction is prevented when the disulphide bonds are replaced by more stable links. Frqm these investigations it was concluded that decrease in elasticity, permanent set and supercontraction can all be brought about by reactions involving either the disulphide bond, as pictured by Speakman (1947) , or by breaking hydrogen bonds, as suggested by Elod and Zahn (1947) .
The latter mechanism is characterized by changes in the crystalline phase, whereas after physical changes resulting from reactions involving the disulphide bond only the crystalline arrangement remains the same. We concluded (Alexander, 1951 ) that these facts could be interpreted if it is assumed that the fibre is made up of micelles, which are joined to one another via disulphide crosslinks, but that the ipolecules within the micelles are held by secondary valency forces only, although they may contain two-dimensional cystine links.
The macromolecular structure.-The model derived from the above consideration receives direct support from fractionation of oxidized wool into a high molecular weight fraction of high cystine content (Alexander, Earland and Happey, 1950) . It can be concluded that the micelles are made up of polypeptide chains of molecular weight 70,000 and crosslinked in two dimensions by disulphide bonds, but held in position by hydrogen bonds. These molecules are normally in the a fold and the micelles contain some crystalline areas but are probably not wholly crystalline. The micelles are surrounded by a cement consisting of low molecular weight polypeptide chains which are very rich in cystine. The cement is bonded three dimensionally by disulphide crosslinks which also probably link it chemically to the molecules in the micelles. An X-ray photograph of this cement after oxidation of the disulphide bonds shows it to be in the p configuration. As there are no crystalline areas in the cement this p phase cannot be detected by means of X-rays, but infra-red investigations on decuticulated hair (Ambrose and Elliott, 1951) indicate the presence of a small proportion of protein in the p configuration; it is suggested that this material is the cement. According to this model it is possible to obtain supercontraction in two ways: (1) by breaking the disulphide bonds in the cement, the molecules of which then coil up as in rubber (i.e. temperature increase facilitates contraction) and pull the micelles closer together, without however changing their crystalline shape; (2) by breaking the hydrogen bonds within the molecules of the micelles which then coil up, and fibre-shortening occurs with disorientation 7 391 392 Proceedings of the Royal Society of Medicine 8 in the crystalline phase. Similarly a fibre can be set in an extended form by breaking the disulphide bonds in the cement and reforming them when the fibre has been stretched or by changes within the micelles, with consequent alteration in the X-ray photograph. On stretching a fibre the a fold is opened up and elongation is the result of molecular unfolding to the P configuration. From X-ray pictures it is seen that the change from a to p is perceptible after 30% and virtually complete after 60% extension. Elod and Zahn (1947) showed that fibres whose disulphide bonds had been reduced showed the a to p conversion after much higher extensions only. We have observed the same effect in fibres where the disulphide bond has been oxidized, in which the conversion of a to p is not complete even after an extension of 130% (reversible). Reference has already been made to the stabilizing influence of disulphide bonds on the a fold, and it is probable that the 5 % of cystine in the high molecular fraction (i.e. the micellar material) contributes to the stability of the a fold in wool.
In their classical paper Astbury and Woods (1933) suggest, on the basis of mechanical evidence, that the morphological cells of the wool fibre consist of three phases, a micelle and intermicellar cement and a tough skin surrounding the micelles. Direct chemical support for this picture is provided by the chemical separation of wool into three fractions, described in this paper. The only modification which has to be made in the Astbury and Woods' picture is that the tough skin does not surround each individual micelle but the whole cortex of the fibre.
The X-ray data for this paper was provided by Dr. F. Happey and will be published in detail later. SUMMARY (1) On oxidizing the disulphide bond with peracetic acid 90% of the wool fibre can be brought into solution without main-chain degradation. The soluble portion consists essentially of two components; a keratose of molecular weight approx. 70,000 and y keratose with an average molecular weight of 4,500.
(2) a keratose gives an X-ray picture typical of proteins in the a fold and can be made into a fibre whose X-ray photo is almost identical with that of native wool. In solution the a keratin exists as a spherical molecule. y keratose is in the p configuration. The a fold is shown to be much less stable in these preparations than in a native wool fibre and it is concluded that the disulphide bonds contribute materially to the stability of the a fold.
(3) It is shown that the a keratose can be converted into a protein giving a p X-ray picture and that in this form it is much less soluble and when in solution the molecules are no longer spherical. The structure for the a fold proposed by Bamford, Hanby and Happey (1951) can explain these changes.
(4) It is suggested that keratin fibres are made up of micelles made up of high molecular weight protein which are set in a low molecular weight cement which is three dimensionally crosslinked by disulphide bonds.
